Background {#Sec1}
==========

Trihelix transcription factors (TFs), also named GT TFs, contain three tandem helices (helix-loop-helix-loop-helix) \[[@CR1], [@CR2]\]. The nomenclature GT originated from the first identified *Trihelix* gene pea (*Pisum sativum*) GT-1, which binds specifically to the light-induced gene *rbcS-3A* \[[@CR2]\]. *Trihelix* genes extensively exist in plants. For example, there are 30 genes in *Arabidopsis thaliana* \[[@CR3]\], 31 in rice \[[@CR4]\], 52 in *Brassica Rapa* \[[@CR5]\], 36 in tomato \[[@CR6]\] and 20 in *Chrysanthemum morifolium* \[[@CR7]\]. According to their sequence similarities, Trihelix TFs were divided into five clades: GT-1, GT-2, SIP1, GTγ, and SH4 \[[@CR3]\].

*Trihelix* genes play extensive roles in plant growth and response to environmental stress. *GT-4*, a clade member of GT-1 in *Arabidopsis*, plays an positive role in salt tolerance by directly binding to the Cor15A promoter \[[@CR8]\]. Another clade member of GT-1, *Solanum habrochaites* ShCIGT functions in plant development and response to stress. Transgenic tomato overexpressing *ShCIGT* exhibited dwarf phenotype and enhanced tolerance to cold and drought \[[@CR9]\].

Distinct from other GT TFs, clade members of GT-2 have two DNA-binding domains \[[@CR3]\]. In *Arabidopsis,* the GT-2 gene *PETAL LOSS* (*PTL*) functions in flower development \[[@CR10]\]; *GT-2-LIKE1* (*GTL1*) represses root hair growth \[[@CR11]\]; *AtGT2L* encodes a Ca2+/CaM-binding nuclear transcription factor and is involved in the response to cold and salt \[[@CR12]\]. In wheat, *TaGT2L1* negatively regulates drought tolerance and stomatal development \[[@CR13]\]. In *B. distachyon*, the transcription factor BdTHX1 likely plays an important role in the biosynthesis of Mixed-linkage glucan (MLG) by regulating the expression of *BdCSLF6* (a *B. distachyon* Cellulose synthase-like gene) and *BdXTH8* (a *B. distachyon* cellulose synthase-like H gene) \[[@CR14]\].

The first SIP1 member, NtSIP1 (for *Nicotiana tabacum* 6b--interacting protein 1), was identified in tobacco and seemed to function in the proliferation of plant cells, through association with 6b protein (encoded by the T-DNA of Agrobacterium) \[[@CR15]\]. *Arabidopsis* SIP1 member *ASIL1* acts as a temporal regulator of seed filling by repressing the expression of master regulatory genes *LEC2*, *FUS3*, *ABI3* and other related genes \[[@CR16]\]. In *Brassica napus, the expression of BnSIP1--1* is induced by ABA and abiotic stress. Transgenic *Brassica napus* lines overexpressing this gene improved the seed germination under osmotic pressure, salt, and ABA treatments \[[@CR17]\].

Rice genes *OsGTγ-1*, *OsGTγ-2* and *OsGTγ-3* were the first clade members of GTγ to be identified. Expression of *OsGTγ-1* is up-regulated under salt stress, with transgenic rice plants over-expressing *OsGTγ-1* showing enhanced salinity tolerance \[[@CR18]\]. In addition to its role in abiotic stress tolerance, *GTγ* also plays important functions in the response to biotic stress. For example, *TuGTγ-3* functions in the resistance to stripe rust in *Triticum urartu* \[[@CR19]\].

*Arabidopsis* SH4 gene *ASR3* was reported to regulate the expression of genes related to immunity (so called immune genes) \[[@CR20]\]. Rice Shattering 1(*SHA1*) gene plays an important role in cell separation. Mutation in the trihelix domain results in the elimination of seed shattering \[[@CR21]\]. Another clade member of SH4, *GhGT29* (*Gossypium hirsutum*) might be involved in the regulation of stress resistance-related genes \[[@CR22]\].

Common wheat (*Triticum aestivum*) is an important cereal crop. *B. distachyon* is a new model species of grass and has a close genetic relationship with common wheat \[[@CR23]\]. As genome sequencing of wheat and *B. distachyon* has been completed \[[@CR24], [@CR25]\], it is urgent to elucidate the functions of important genes. However, to date, only the genes *TaGT* and *BdGT* have been functionally analyzed \[[@CR13], [@CR14]\]. In this study, *TaGT* and *BdGT* were analyzed at the genome level. A comparison between *Trihelix* genes in wheat and *B. distachyon* was further performed. Our results lay a foundation for further functional elucidation.

Results {#Sec2}
=======

Identification of wheat and *B. distachyon* Trihelix TFs {#Sec3}
--------------------------------------------------------

A total of 80 TaGT and 27 BdGT TFs were identified. Most of them (70 *TaGT* and 23 *BdGT* genes) were verified by ESTs (Additional files [1](#MOESM1){ref-type="media"} and [2](#MOESM2){ref-type="media"}). All predicted wheat *Trihelix* genes were named from *TaGT1-A* to *TaGT36-D*, based on their chromosomal order and genomic homology (Additional file [1](#MOESM1){ref-type="media"}). *BdGT* genes were renamed from *BdGT1* to *BdGT27* based only on their chromosomal order (Additional file [2](#MOESM2){ref-type="media"}). They were distributed on chromosomes unevenly (Additional files [3](#MOESM3){ref-type="media"} and [4](#MOESM4){ref-type="media"}). Among 80 *TaGT* genes, 51 genes constituted 17 sets. Every set included three homologous genes in A, B, and D sub-genomes respectively; other 20 genes formed 10 sets. Every set has homologous genes. The parameters of these GT proteins were predicted. The length of TaGT proteins ranged from 129 (TaGT16-D) to 800 amino acids (TaGT35-D); the PI ranged from 4.8 (TaGT16-D) to 10.39 (TaGT1-A); the molecular weight varied form 1.2 to 85.1 kDa (Additional file [1](#MOESM1){ref-type="media"}). In 27 BdGT proteins, the length ranged from 242 (BdGT10) to 875 amino acids (BdGT15); the PI ranged from 5.27 (BdGT14) to 10.05 (BdGT27), and the molecular weight was between 27.6 and 96.6 kDa (Additional file [1](#MOESM1){ref-type="media"}). Noticeably, most TaGT and BdGT TFs were hydrophilic proteins (Additional files [1](#MOESM1){ref-type="media"} and [2](#MOESM2){ref-type="media"}).

Sequence alignment and phylogenetic analyses of Trihelix TFs {#Sec4}
------------------------------------------------------------

To further analyze wheat and *B. distachyon* Trihelix TFs, multiple sequence alignment was performed. Results showed that GT domains were highly conserved (Additional file [5](#MOESM5){ref-type="media"}). There were invariant amino acids in the three tandem helices, including tryptophan (W) and leucine (L) in Helix1; tryptophan (W), valine (V) and glycine (G) in Helix2; and glutamine (Q), cysteine (C) and tyrosine (Y) in Helix3 (Additional files [5](#MOESM5){ref-type="media"} and [6](#MOESM6){ref-type="media"}). In addition, many hydrophobic amino acids (tryptophan, leucine, valine, tyrosine) were found in TaGT and BdGT proteins. Consistent with these results, most TaGT and BdGT TFs were hydrophilic proteins. These hydrophobic amino acids may affect the protein structure and functions \[[@CR3]\].

Furthermore, we identified *Trihelix* genes in 51 species, including algae species, seed and un-seed plants. Totally, 2387 genes were identified and grouped into GT-1, GT-2, SIP1, GTγ, and SH4 (Additional file [7](#MOESM7){ref-type="media"}, Fig. [1](#Fig1){ref-type="fig"}). Similar to seed plants, some non-seed species had members in all clades GT-1, GT-2, SIP1, GTγ, and SH4, while some algae species only had one or two sub-group genes. For example, *Dunaliella salina* and *Chlamydomonas reinhardtii* only had SIP1 clade genes; *Coccomyxa subellipsoidea* and *Micromonas pusilla* only had clade members of SIP1 and GT-2. The number of *Trihelix* genes was greatly variable among 51 plant species, ranging from two to three in algae to 121 in *Panicum virgatum*. SIP1 is the largest subfamily, and was found in all selected species, whereas the subfamily SH4 appeared latest. These results indicate that the *Trihelix* gene family is an ancient gene family that might have undergone gene expansion during evolution.Fig. 1Phylogenetic relationships between the 51 plant species investigated in this study. The total number of Trihelixs and each groups identified in each plant species was presented on the right

To study the evolutionary relationships of *Trihelix* genes in Gramineae plants, un-rooted Neighbor-joining (NJ) and Maximum Likelihood (ML) phylogenetic trees were constructed using 249 putative Trihelix proteins of wheat, *B. distachyon,* maize, rice, sorghum, and barley (Additional file [8](#MOESM8){ref-type="media"}). Results of these two trees were consistent (Additional file [9](#MOESM9){ref-type="media"}; Fig. [2](#Fig2){ref-type="fig"}).Fig. 2Phylogenetic tree of Trihelix proteins. The five different subfamilies were indicated by different colors. Trihelix proteins of TaGT and BdGT TFs were indicated by red and blue circles respectively

Gene structure and conserved motifs of *Trihelix* genes {#Sec5}
-------------------------------------------------------

Gene structure is helpful to understand the evolution of genes. As shown in Fig. [3](#Fig3){ref-type="fig"}, the exon number of *TaGT* genes ranged from 1 to 8. Except for *TaGT22-A* and *TaGT22-D* with two exons, other GTγ genes only had one exon. In *B. distachyon*, the exon number of most *BdGT* genes ranged from 1 to 7. One exception was *BdGT16*, which had 16 exons. Similar to *TaGT* genes, *BdGT* genes in the subfamily GTγ had one exon (Fig. [4](#Fig4){ref-type="fig"}). In general, members of the same family might share similar gene structure.Fig. 3Gene structures and motifs of TaGT proteins. In the gene structure part, black boxes represent UTRs, grey boxes represent exons, and gray lines represent introns. In the motif part, the boxes in different color represent different motifs, and the grey lines represent un-conserved sequencesFig. 4Gene structures and motifs of BdGT proteins. In the gene structure part, black boxes represent UTRs, grey boxes represent exons, and gray lines represent introns. In the motif part, the boxes in different color represent different motifs, and the grey lines represent un-conserved sequences

Furthermore, we predicted the conserved motifs of TaGT and BdGT proteins. A total of 10 motifs were identified (Figs. [3](#Fig3){ref-type="fig"} and [4](#Fig4){ref-type="fig"}). Almost all TaGT proteins had motif 1 and motif 3, except for TaGT1-A (without motif 3) and TaGT16-D (without motif 1). Motif 7 and 10 was only found in some clade members of GTγ and in some proteins of SH4, respectively. Similarly, motif 1 and motif 3 were identified in all BdGT proteins, while motif 7 and 10 only appeared in BdGT18 which belonged to the subfamily GTγ and SH4, respectively. These results show that the gene structure and motifs of TaGT and BdGT TFs were conserved. As a result, members with conserved motif compositions and similar gene structures were divided into the same groups. Our phylogenetic analyses results and previous studies clearly showed the reliability of this classification \[[@CR26], [@CR27]\].

*Cis*-elements and gene ontology (GO) annotation {#Sec6}
------------------------------------------------

The *cis*-regulatory elements of promoter regions are related to gene expression patterns and functions \[[@CR28]\]. Martin et al. showed that regulatory sequences were located 1500-bp upstream of the start codon \[[@CR29]\]. Therefore, we analyzed the 1500-bp promoter region of *TaGT* and *BdGT* genes. A total of 249 and 233 kinds of *cis*-acting elements were detected in TaGT and BdGT gene promoters, respectively. Among them, 216 were identical (Additional files [10](#MOESM10){ref-type="media"} and [11](#MOESM11){ref-type="media"}).These results further showed that *TaGT* and *BdGT* genes were conserved to some extent. Most cis-elements were related to plant growth/development and abiotic stress response (Additional file [12](#MOESM12){ref-type="media"}). *Cis*-elements related to growth/development are, among others, associated with light response (SORLIP1AT, GATABOX, GT1CONSENSUS, IBOXCORE, and SORLIP2AT), seed expression (CAATBOX1, EBOXBNNAPA, MYCCONSENSUSAT, and SEF4MOTIFGM7S), leaf expression (DOFCOREZM, GT1CONSENSUS, MYBCORE, MYCCONSENSUSAT and RAV1AAT), shoot expression (GT1 CONSENSUS, MYBCORE, RAV1AAT and IBOX CORE), root expression (RAV1AAT and ROOTMOTIFTAPOX1), pollen expression (GTGANTG10 and POLLEN1LELAT52). *Cis*-elements related to abiotic stresses are, among others, involved in ABA response (MYCCONSENSUSAT and DPBFCOREDCDC3), gibberellin (GA) response (WRKY71OS), salicylic acid (SA) response (WBOXATNPR1), heat response (CCAATBOX1), salt stress (GT1GMSCAM4), drought response (CBFHV and ACGTATERD), cold response (MYCCONSENSUSAT and CBFHV), oxygen response (CURECORECR and CURECORECR), wounding response (WBOXNTERF3). Trihelix promoters such as GT1GMSCAM4 (pathogen-related), NODCON2GM (root nodules related), WBOXATNPR1 (disease resistance related), and OSE2ROOTNODULE (root nodules related) also contained *cis*-elements related to biotic stresses. Identification of such high numbers of cis-elements further implies the extensive functions of *Trihelix* genes.

29 *cis*-elements were found in more than 80% *TaGT* and *BdGT* genes (Additional file [13](#MOESM13){ref-type="media"}). Among them, 6 are involved in light response, 15 are related to plant tissue-specific expression and 13 respond to stress. We also investigated the conservation of *cis*-elements at the sub-family level. In wheat, clade members of GT-1, GT-2, and SH4 had 9, 2 and 3 of the same *cis*-elements, respectively and the same 10 *cis*-elements in all *TaGTs* (Additional file [14](#MOESM14){ref-type="media"}). In *B. distachyon*, members of GT-1, GTγ and SH4 had corresponding numbers of 7, 3 and 3 of the same cis-elements, respectively, and 8 *cis*-elements in all *BdGTs* (Additional file [14](#MOESM14){ref-type="media"}).

In order to predict the functions of *TaGT* and *BdGT* proteins, gene ontology (GO) annotation analyses were performed. A total of 19 distinct functional groups were identified: 10 involved in biological processes, 6 involved in cellular components and 3 involved in molecular functions (Additional file [15](#MOESM15){ref-type="media"}). In wheat, GO classifications of 'binding' (54 proteins, 66.67%), 'biological regulation' (37, 45.68%), 'cell' (30, 37.04%), 'cell part' (30, 37.04%), and 'organelle' (30, 37.04%) were dominantly attributed. Similarly, BdGT proteins were mainly grouped in the GO categories of 'binding' (19 proteins, 70.37%), 'biological regulation' (9, 33.33%), 'cell' (7, 25.93%), 'cell part' (7, 25.93%), and 'organelle' (7, 25.93%). Among these GO categories, *TaGT* and *BdGT genes* shared similar proportions of distributions. On one hand, these results indicate the multi-functions of *TaGT* and *BdGT* genes; on the other hand, they further suggest functional conservation between *TaGT* and *BdGT* TFs.

Homologous gene pairs and synteny analysis {#Sec7}
------------------------------------------

To identify orthologous of *TaGT* and *BdGT* genes, 67 and 7 pairs of putative paralogous of *TaGT* (Additional file [16](#MOESM16){ref-type="media"}; Fig. [5](#Fig5){ref-type="fig"}a) *BdGT* genes (Additional file [17](#MOESM17){ref-type="media"}; Fig. [5](#Fig5){ref-type="fig"}b) were identified. These results were consistent with phylogenetic analyses.Fig. 5Schematic representations for the inter-chromosomal relationships of wheat and *B. distachyon* genes. **a** Duplicated Trihelix gene pairs in wheat. **b** Duplicated Trihelix gene pairs in *B. distachyon*

In addition, orthologous between *Trihelix* genes in wheat, *B. distachyon, Arabidopsis thaliana,* rice, *Hordeum vulgare*, *Sorghum bicolor*, and *Zea mays* were also investigated. A total of 53, 7, 88, 39, 86 and 154 orthologous *Trihelix* gene pairs were found between wheat and *B. distachyon* (Additional file [18](#MOESM18){ref-type="media"}; Fig. [6](#Fig6){ref-type="fig"}a), *Arabidopsis thaliana* (Additional file [19](#MOESM19){ref-type="media"}; Fig. [6](#Fig6){ref-type="fig"}b), rice (Additional file [20](#MOESM20){ref-type="media"}; Fig. [6](#Fig6){ref-type="fig"}c), *Hordeum vulgare* (Additional file [21](#MOESM21){ref-type="media"}; Fig. [6](#Fig6){ref-type="fig"}d), *Sorghum bicolor* (Additional file [22](#MOESM22){ref-type="media"}; Fig. [6](#Fig6){ref-type="fig"}e), *Zea mays* (Additional file [23](#MOESM23){ref-type="media"}; Fig. [6](#Fig6){ref-type="fig"}f) respectively*.* Moreover, 3, 25, 14, 21 and 22 orthologous *Trihelix* gene pairs between *B. distachyon* and *Arabidopsis thaliana* (Additional file [24](#MOESM24){ref-type="media"}; Fig. [6](#Fig6){ref-type="fig"}b), rice (Additional file [25](#MOESM25){ref-type="media"}; Fig. [6](#Fig6){ref-type="fig"}c), *Hordeum vulgare* (Additional file [26](#MOESM26){ref-type="media"}:; Fig. [6](#Fig6){ref-type="fig"}d), *Sorghum bicolor* (Additional file [27](#MOESM27){ref-type="media"}; Fig. [6](#Fig6){ref-type="fig"}e), and *Zea mays* (Additional file [28](#MOESM28){ref-type="media"}; Fig. [6](#Fig6){ref-type="fig"}f) were also identified respectively. These results suggested that *Trihelix* genes of monocot have strong relationships.Fig. 6Syntenic relationships between *Trihelix* genes in different species. Gray lines in the background indicate the collinear blocks within wheat/*B. distachyon* and other plant genomes, while the red lines highlight the syntenic Trihelix gene pairs. **a** Orthologous relationship of *Trihrlix* genes between wheat and *B. distachyon*. Results of orthologous relationship analysis of Trihrlix genes between **b** wheat/*B. distachyon* and *Arabidopsis*, **c** wheat/*B. distachyon* and rice, **d** wheat/*B. distachyon* and *Sorghum bicolor* **e** wheat/*B. distachyon* and *Zea mays*, **f** wheat/*B. distachyon* and *Arabidopsis*. Comparative physical mapping shows the orthologous relationships of BdGT TFs with **g** *Oryza sativa*, **h** *Sorghum bicolor* and **i** *Zea mays*

The functional conservation of gene sets was further investigated by comparing both, *BdGT18* and *BdGT20* gene sets, in detail. A total of 65 and 54 *cis-*elements were found in *BdGT18* and *BdGT20*, respectively. Among them, 33 were common (Additional files [10](#MOESM10){ref-type="media"} and [11](#MOESM11){ref-type="media"}). Furthermore, given that the expression pattern between both gene sets was very similar (Figs. [8](#Fig8){ref-type="fig"} and [10](#Fig10){ref-type="fig"}). *BdGT18* and *BdGT20* may share similar functions.

To better understand the evolutionary factors that affect the *Trihelix* gene family, we calculated Ka and Ks ratio between of *Trihelix* gene pairs. The ratio of most of the tandem and segmental duplications TaGT and BdGT gene pairs, as well as of the orthologous Trihelix gene pairs was less than 1, suggesting that this gene family might have undergone strong purifying selective pressure during evolution in wheat and *B. distachyon* (Additional files [16](#MOESM16){ref-type="media"}, [17](#MOESM17){ref-type="media"}, [18](#MOESM18){ref-type="media"}, [19](#MOESM19){ref-type="media"}, [20](#MOESM20){ref-type="media"}, [21](#MOESM21){ref-type="media"}, [22](#MOESM22){ref-type="media"}, [23](#MOESM23){ref-type="media"}, [24](#MOESM24){ref-type="media"}, [25](#MOESM25){ref-type="media"}, [26](#MOESM26){ref-type="media"}, [27](#MOESM27){ref-type="media"} and [28](#MOESM28){ref-type="media"}).

Expression pattern analyses {#Sec8}
---------------------------

To analyze expression pattern associated with gene function, we first investigated the temporal and spatial expression patterns of *Trihelix* genes in wheat and *B. distachyon*, based on public RNA-sequencing data (Additional files [29](#MOESM29){ref-type="media"} and [30](#MOESM30){ref-type="media"}). In general, there was no obvious pattern.

Furthermore, we performed qRT-PCR to analyze the expression patterns of 22 and 19 randomly selected *TaGT* and *BdGT* genes, respectively (Additional file [31](#MOESM31){ref-type="media"}). Briefly, clade members of GT-1, GT-2, SIP1 and SH4 were lowly expressed in stems and leaves, and highly expressed in roots and flowers (Fig. [7](#Fig7){ref-type="fig"}). GTγ genes were highly expressed in leaves. Different from the expression patterns of *TaGT* genes, the expression of BdSIP1 and BdGTγ genes was constitutive (Fig. [8](#Fig8){ref-type="fig"}). The expression of BdGT-2 and BdSH4 genes was similar to that of TaGT-2 and TaSH4 genes. The expression of different GT-1 genes showed relatively similarities. These results suggest that the functions of *BdGT* genes diversified and became more extensive during the evolutionary process. We also detected the expression of selected genes under different conditions of abiotic stress. Although, for most of the genes the expression was down-regulated under different abiotic stress conditions, for 11 genes (*TaGT6-B*, *TaGT6-D*, *TaGT13-B*, *TaGT17*, *TaGT26-B*, *BdGT17*, *BdGT18*, *BdGT22, BdGT24, BdGT26, BdGT27*) the expression was up-regulated under heat treatment (Figs. [9](#Fig9){ref-type="fig"} and [10](#Fig10){ref-type="fig"}).Fig. 7Expression profiles of *TaGTs* in different tissue (R, roots; S, stems; L, leaves; F, flowers)Fig. 8Expression profiles of *BdGTs* in different tissues (R, roots; S, stems; L, leaves; F, flowerFig. 9The expression level of *TaGTs* under different abiotic stressesFig. 10The expression level of *BdGTs* under different abiotic stresses

Discussion {#Sec9}
==========

Extensive functions of *Trihelix* genes {#Sec10}
---------------------------------------

Previous studies demonstrated that *Trihelix* genes play extensive roles in plant growth/development and response to abiotic stress. In this study, the expression of most selected *BdGT* genes was constitutive, implying their multi-functions in growth and development. However, up- and down- regulated expression under different kinds of abiotic stress conditions (Figs [9](#Fig9){ref-type="fig"} and [10](#Fig10){ref-type="fig"}) suggest that *Trihelix* genes also participate in the response to abiotic stress. GO analyses showed that *TaGT* and *BdGT* genes are grouped in 19 functional groups, including 10 involved in biological processes, 6 in cellular components and 3 in molecular functions, further indicating the extensive functions of *Trihelix* genes. Consistent with these results, many *cis*-elements were detected in promoters of *TaGT* and *BdGT* genes (Additional files [10](#MOESM10){ref-type="media"} and [11](#MOESM11){ref-type="media"}). Most of the *cis*-elements were involved in plant growth/development and abiotic stress response.

Our results imply that the Trihelix gene family expanded during the evolutionary process. The number of genes increased and new subgroups emerged. Undoubtedly, the functions of *Trihelix* genes are shown to become more extensive with gene expansion.

Additionally, the functions of homologous genes might have diversified during the evolutionary process. For example, OsGTγ-1 is mainly expressed in leaves and functions in response to salt stress \[[@CR18]\]. There are two homologous genes in wheat (*TaGT23* and *TaGT31*) and *B. distachyon* (*BdGT18* and *BdGT20*), respectively. Proteins with similarly motif composition were grouped together, despite presenting a different gene structure (*OsGTγ-1* has two exons; *TaGT23*, *TaGT31*, *BdGT18* and *BdGT20* only have one exon respectively) (Additional file [32](#MOESM32){ref-type="media"}).

Like *OsGTγ-1*, three copies of *TaGT-23* and *TaGT-31* were mainly expressed in leaves. Consistently, *TaGT-23* and *TaGT-31* share 62 and 64 common cis-elements with rice, respectively. But when treated with salt stress, the expression of *TaGT-23* and *TaGT31* was down-regulated, while the expression of *OsGTγ-1* was up-regulated. Different from *OsGTγ-1*, the expression of *BdGT18* and *BdGT20* was constitutive and they were expressed in roots, stems, leaves and flowers at high levels, although they shared 53 and 35 common cis-elements with *OsGTγ-1*, respectively. However, the expression of *BdGT18* and *BdGT20* was also down-regulated under salt stress. Such different expression patterns indicate diversified functions.

Conservation and diversification between *TaGT* and *BdGT* genes {#Sec11}
----------------------------------------------------------------

Gene structure of *TaGT* and *BdGT* genes was similar within the same subfamilies (Figs. [3](#Fig3){ref-type="fig"} and [4](#Fig4){ref-type="fig"}). In the promoters of 80 *TaGT* genes, 249 kinds of *cis*-elements were detected (Additional file [10](#MOESM10){ref-type="media"}); in the promoters of 27 *BdGT* genes, 233 kinds of *cis*-elements were detected (Additional file [11](#MOESM11){ref-type="media"}). Among these *cis*-elements, 216 are the same. A total of 10 protein motifs were found. Among them, motif 1 and 3 were found in most TaGT and BdGT proteins; motif 7 was present in GTγ members, while motif 10 was only found in the SH4 subgroup (Figs. [3](#Fig3){ref-type="fig"} and [4](#Fig4){ref-type="fig"}). These results are consistent with the fact that wheat and *B. distachyon* have a close phylogenetic relationship. Furthermore, GO annotations showed that TaGT and BdGT proteins were divided into 19 functional groups (Additional file [15](#MOESM15){ref-type="media"}). Taken these results together, it is possible to conclude that *TaGT* and *BdGT* genes are conserved to some extent.

On the other hand, the expression pattern of TaGT genes is quite different from that of BdGT genes. Most *TaGT* genes are mainly expressed in roots and flowers, while most *BdGT* genes are expressed constitutively (Figs. [7](#Fig7){ref-type="fig"} and [8](#Fig8){ref-type="fig"}). During the evolutionary process, the expression domain of *BdGT* genes might have extended. As a result, the functions of single *BdGT* gene might have been more extensive. Furthermore, up- and down- regulated expression of *TaGTs* and *BdGTs* under different kinds of abiotic stresses (Figs. [9](#Fig9){ref-type="fig"} and [10](#Fig10){ref-type="fig"}), suggest that *Trihelix* genes participate in plant response to abiotic stress.

Conclusion {#Sec12}
==========

In this paper, the *Trihelix* genes were analyzed at the genome level in wheat and *B. distachyon*. 80 *TaGT* and 27 *BdGT* genes were identified. Gene structure, protein motifs, GO analyses, the *cis*-elements and the expression pattern indicate the conservative and diversified nature of *TaGT* and *BdGT* genes.

Methods {#Sec13}
=======

Identification and analyses of TaGT and BdGT TFs {#Sec14}
------------------------------------------------

To identify the Trihelix TFs in 51 species, firstly, we used the Hidden Markov Model profile (PF13837) of the Trihelix signature domain downloaded from the Pfam v31.0 database (<http://pfam.xfam.org/>) to search against plant protein sequences using a threshold of E \< 1e− 5 \[[@CR30]\]. Then, 31 rice and 30 *Arabidopsis* Trihelix protein sequences were selected to search against protein sequences using a threshold of E \< 1e− 5 and an identity of 50%. Subsequently, blast and manual corrections were performed to remove alternative events and redundancy. Finally, the NCBI-CDD web server \[[@CR31]\] and SMART \[[@CR32]\] were used to confirm whether putative Trihelix TFs had conserved GT domains. To further verify the existence of *Trihelix* genes in wheat and *B. distachyon*, we performed BLASTN to search for EST using putative *Trihelix* gene sequences. The MapInspect tool (<http://mapinspect.software.informer.com>/) was used to map the chromosome location. The ProtParam tool was used to predict physical and chemical properties of TaGT and BdGT TFs \[[@CR33]\].

Multiple sequence alignment and phylogenetic analyses {#Sec15}
-----------------------------------------------------

To investigate the genetic divergence between each group, we counted the genetic distances based on amino acid sequences using the method of Min Jiang et al. \[[@CR34]\]. Full-length Trihelix protein sequences were aligned using the T-COFFEE method \[[@CR35]\]. NJ and ML trees were constructed with 1000 bootstrap replicates using MEGA 7 EvolView for tree visualization (<http://www.evolgenius.info/evolview/>).

Gene structure and conserved motif analyses {#Sec16}
-------------------------------------------

Gene structures were deduced using GSDS (http://gsds.cbi.pku.edu.cn/). The MEME Suite web server (<http://meme-suite.org/>) was used to predict the conserved motifs of TaGT and BdGT TFs, with the maximum number and optimum width of motif sets at 10 and 5 to 200 amino acids, respectively \[[@CR36]\].

Promoter analysis of GT genes and gene ontology (GO) annotation {#Sec17}
---------------------------------------------------------------

The 1500-bp upstream genomic DNA sequences of the wheat and *B. distachyon Trihelix* genes were submitted to PLANT CARE database (<http://bioinformatics.psb.ugent.be/webtools/plantcare/html/>)to predict the *cis*-acting elements \[[@CR37]\]. Gene ontology (GO) annotation of Trihelix proteins was obtained from the PLAZLA3.0 (<https://bioinformatics.psb.ugent.be/plaza/versions/plaza_v3_monocots/genome_mapping>) to predict the functions of TaGT and BdGT proteins. GO annotation were then plotted using the OmicShare tool (<http://www.omicshare.com/tools>).

Detection of homologous gene pairs and synteny analysis {#Sec18}
-------------------------------------------------------

Gene duplication analysis of Trihelix genes in different species was performed using the Multiple Collinearity Scan toolkit (MCScanX) with default parameters \[[@CR38]\]. The collinear chart of *TaGT* and *BdGT* genes was drawn using Circos v0.55 \[[@CR39]\]. We plotted the synteny relationship of the *Trihelix* genes from selected species and calculated the ratio of non-synonymous (ka) to synonymous (ks). Substitutions (Ka/Ks) using the TBtools software (<https://github.com/CJ-Chen/TBtools>) \[[@CR40]\].

Plant materials and qRT-PCR {#Sec19}
---------------------------

The wheat cultivar 'Chinese Spring' and *B. distachyon* Bd-21 were planted in a growth chamber at 23 ± 1 °C with a photoperiod of 16 h /8 h (light/dark). Roots, stems, leaves, and inflorescences were collected at the heading stage. The methods used for abiotic stress treatment, primer design, RNA extraction, cDNA synthesis, quantitative RT-PCR were described in a previous study \[[@CR26]\]. To explore the expression profiles of GT genes in different tissues and abiotic stress, the FPKM values of expansin genes were obtained from ArrayExpress database under accession number E-MTAB-4401 and E-MTAB-4484, the RNA-seq dataset in the SRA database with accession number SRP045409 and PRJNA360513.
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Additional file 1:The detailed information of *TaGT* genes. (XLSX 22 kb) Additional file 2:The detailed information of *BdGT* genes. (XLSX 16 kb) Additional file 3:Chromosome location of wheat *Trihelix* genes. (PDF 376 kb) Additional file 4:Chromosome location of *B. distachyon Trihelix* genes. (PDF 100 kb) Additional file 5:Multiple sequence alignment of GT domains of wheat and *B. distachyon* Trihelix TFs. Helix 1, 2 and 3 rectangular bars represent trihelix structure identified in the GT domain. Yellow shade indicates conserved amino acids. (PDF 6136 kb) Additional file 6:Conserved amino acids and numbers in the Helix1, 2, 3 which were from the GT domain of *TaGTs*, *BdGTs* and *OsGTs*. (XLSX 12 kb) Additional file 7:Representing number of *Trihelix* genes present in different plant species. (XLSX 15 kb) Additional file 8:The 31 *Oryza sativa Trihelix* genes, 50 *Zea mays Trihelix* genes, 25 *Hordeum vulgare Trihelix* genes and 30 *Sorghum bicolor Trihelix* genes. (XLSX 16 kb) Additional file 9:Phylogenetic tree of Trihelix proteins by NJ. The five different subfamilies were indicated by different colors. Trihelix proteins of TaGT and BdGT TFs were indicated by red and blue circles respectively. (PDF 595 kb) Additional file 10:The *cis*-elements in promoter sequences of *Trihelix* genes in wheat. (XLSX 89 kb) Additional file 11:The *cis*-elements in promoter sequences of *Trihelix* genes in *B. distachyon*. (XLSX 41 kb) Additional file 12:The promoter regions of *TaGT* and *BdGT* genes contained plant growth/development - and stress response-related *cis*-elements. (XLSX 29 kb) Additional file 13:More than 80% of *TaGTs* and *BdGTs* contained plant growth/development - and stress response-related *cis*-elements. (XLSX 20 kb) Additional file 14:The promoter regions of *TaGT* and *BdGT* genes in different subfamilies. (XLSX 14 kb) Additional file 15:Functional categorization of *Trihelix* genes in wheat and *B. distachyon*. *TaGT* and *BdGT* genes were categorized according to Gene Ontology annotation. The number and proportion of each category were displayed based on three functional classification categories (biological process, molecular function and cellular component). (PDF 284 kb) Additional file 16:Paralogous TaGT gene pairs. (XLSX 18 kb) Additional file 17:Paralogous BdGT gene pairs. (XLSX 13 kb) Additional file 18:Orthologous Trihelix gene pairs between wheat and *B. distachyon*. (XLSX 17 kb) Additional file 19:Orthologous Trihelix gene pairs between wheat and *Arabidopsis thaliana*. (XLSX 14 kb) Additional file 20:Orthologous Trihelix gene pairs between wheat and *O.sativa*. (XLSX 19 kb) Additional file 21:Orthologous Trihelix gene pairs between wheat and *Hordeum vulgare*. (XLSX 15 kb) Additional file 22:Orthologous Trihelix gene pairs between wheat and *Sorghum bicolor*. (XLSX 18 kb) Additional file 23:Orthologous Trihelix gene pairs between wheat and *Zea mays*. (XLSX 17 kb) Additional file 24:Orthologous Trihelix gene pairs between *B. distachyon* and *Arabidopsis thaliana*. (XLSX 13 kb) Additional file 25:Orthologous Trihelix gene pairs between *B. distachyon* and *O.sativa*. (XLSX 14 kb) Additional file 26:Orthologous Trihelix gene pairs between *B. distachyon* and *Hordeum vulgare*. (XLSX 14 kb) Additional file 27:Orthologous Trihelix gene pairs between *B. distachyon* and *Sorghum bicolor*. (XLSX 14 kb) Additional file 28:Orthologous Trihelix gene pairs between *B. distachyon* and *Zea mays*. (XLSX 14 kb) Additional file 29:Expression patterns of *TaGT* genes in various wheat tissues (a) and stresses (b).The expression data was collected through pubic RNA-seq data. The tissues expression of *TaGT* genes at different growth stages, such as roots (cotyledon emergence stage), stems (FL.02 1/2 of flowers open stage) leaves tissues (cotyledon emergence stage) and flowers (FL.02 1/2 of flowers open stage). Heatmap of expression profiles for *TaGT* genes across different stresses under 1 and 6 h's treatments, including heat stress, drought stress and drought&heat combined stress. (PDF 461 kb) Additional file 30:Expression patterns of *BdGT* genes in various B. *distachyon* (a) organs (Leaf, inflorescence, anther, pistil, plant embryo, and endosperm) and abiotic stresses (CK, ABA, SA, JA, PHX, and Ethylene). (PDF 364 kb) Additional file 31:Gene-specific primer sequences for qRT-PCR. (XLSX 14 kb) Additional file 32:Gene structure and motifs of .OsGTγ-1 protein. In the gene structure part, blue boxes represent UTRs, yellow boxes represent exons, and black lines represent introns. In the motif part, the boxes in different color represent different motifs, and the black lines represent un-conserved sequences. (PDF 254 kb) Additional file 33:Raw data (including DNA sequences and amino acids) of *TaGT* and *BdGT* genes sequences. (FA 396 kb)
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